Among lizards, only monitor lizards (Varanidae) have a functionally divided cardiac ventricle. This 3 3 enables them to sustain higher systemic blood pressures and higher metabolic rates than other 3 4
well as lateral, when available) ventricular surfaces in sinus and stimulated rhythm. For V. acanthurus, the hearts, and surrounding tissues, were fixed for one day in freshly made 4% 1 7 6 paraformaldehyde in PBS (0.9% NaCl) and then washed twice in PBS before finally stored in 70% 1 7 7 ethanol. For in-situ hybridization we used previously used probes for Norops mRNA (Tbx3, Tbx5, 1 7 8 tnnt2, Myh6; (B. Jensen et al.; B. Jensen et al., 2012) ) and new probes based on the following show specific staining in Varanus. In-situ hybridizations were performed as described previously correspond to the so-called bulboauricular lamellae of Greil (Greil, 1903; B. Jensen et al., 2013) . In 2 2 0 a large heart of Varanus salvator, these lamellae were thick and constituted the inner-most part of 2 2 1 the muscular ridge and bulbuslamelle (Fig. 2C ). They extended from the atrioventricular canal to 2 2 2 the point where the muscular ridge and bulbuslamelle abut during contraction. In diastole, the atrioventricular valve achieved direct contact to a prominent vertical septum 2 2 4 ( Fig. 2D, Movie S3 ). The vertical septum was positioned entirely within the cavity of the left 2 2 5 ventricle (the cavum arteriosum and cavum venosum combined). Both atrial blood flows were 2 2 6 therefore received in the left ventricle. As atrial blood entered the ventricle, the space between the 2 2 7 muscular ridge and the bulbuslamelle widened, allowing the right atrial blood to reach the cavum 2 2 8 9 pulmonale (the right ventricle). In systole, this space closed again as the muscular ridge and the 2 2 9 bulbuslamelle abutted. Then, the 'right ventricle' ejected into the pulmonary trunk and the 'left 2 3 0 ventricle' ejected into the aortae ( Fig. 2E, Movie S3 ). Septal structures of the monitor ventricle 2 3 1 showed resemblance both functionally and anatomically to ventricular structures of mammals and 2 3 2 archosaurs, and therefore we wanted to know next whether the septal structures of monitors develop 2 3 3 as in the four-chambered heart. The development of the morphology of the monitor heart was predominantly studied in the 2 3 6
Mangrove monitor series, where all hearts were stained for cardiac muscle. In the earliest specimen, 2 3 7 from 10 days post oviposition, the heart was much like the chicken heart around 4 days of 2 3 8 development, that is, myocardium was detected in the sinus venosus, sinuatrial junction, atria, 2 3 9 atrioventricular canal, ventricle, and outflow tract ( Fig. 3A-B ). The ventricle was relatively small, 2 4 0 whereas the atrioventricular canal and myocardial outflow tract, the conus arteriosus, were 2 4 1 proportionally large, showing that the heart was immature (Fig. S1 ). In the atria, trabeculation was 2 4 2 just beginning to appear and the atrial septum was a low myocardial ridge with a mesenchymal cap 2 4 3 in the atrial roof ( Fig. 3A) . A non-muscular dorsal mesenchymal protrusion was present in the 2 4 4 dorsal wall of the atrium. The atrioventricular canal was circular in cross-section and its interior was immediate left of the body midline as given by the position of the notochord, foregut and trachea.
4 7
Trabeculation of the ventricle was prominent in the outer curvature and absent in the inner 2 4 8 curvature ( Fig. 3A) . Distally, the trabeculated muscle was sponge-like, while proximally it was 2 4 9 organized into some 12 sheets that were oriented approximately dorso-ventrally. The outflow tract 2 5 0 was proportionally long, it was myocardial to the vicinity of the pericardial reflection, and its 2 5 1 interior was dominated by mesenchyme but the lumen was not divided (Fig. 3A ).
5 2
In the next investigated age, 24 days post oviposition ( Fig. 3C ), all three sinus horns were 2 5 3 distinct vessels (the left, right, and posterior sinus horn) and their myocardium extended to the 2 5 4 pericardial reflection. The atrial septum was so developed that the primary ostium was almost 2 5 5 closed and secondary foramina had formed. The atrioventricular canal remained to the left of the 2 5 6 body midline while its cushions had begun to merge. Ventricular trabeculation was extensive. While the formation of the muscular ridge had begun near the base of the outflow tract, the outer 2 5 8 curvature of the ventricle comprised trabecular myocardium only (Fig. 3C ). The outflow tract was 2 5 9 1 0 myocardial only in the proximal half, the distal half being arterial, and the lumen was divided by 2 6 0 mesenchyme into three channels, those of the future pulmonary artery and the left and right aorta. At this age, the proportions of the principal compartments of the heart were almost like in the 2 6 2 formed heart, only the ventricle still had to increase a bit at the expense of the regression of the 2 6 3 myocardial outflow tract ( Fig. S1 ). By 32 days post oviposition, the primary ostium was closed and spots of myocardium were 2 6 5 detected within the dorsal mesenchymal protrusion. In the base of the ventricle, both the muscular 2 6 6 ridge and the bulbuslamelle were characterized by a core of compact myocardium (Fig. 3D ). Towards the apex, the compact myocardium dissolved into trabeculae (Fig. 3E ). The trabecular nucleated, data not shown). These were sub-epicardial only, predominantly where the muscular 2 7 4 ridge and the bulbuslamelle made contact with the outer shell of compact muscle, and we did not (except at the gap between the muscular ridge and the bulbuslamelle). Coronary vessels were found 2 7 9 in the outer shell of ventricular compact muscle and they originated from an approximately 50µm 2 8 0 wide orifices in the dorsal valve sinus of the left aorta. We could not detect coronary vessels within 2 8 1 the compact of the septa. The bulboauricular lamellae were prominent ( Fig. 3H ). Much like in the 2 8 2 embryonic chicken ventricle, the monitor ventricle develops extensive trabeculae followed by with the development of the full ventricular septum. For in situ hybridization of embryonic lizards, we focused on the stages when septal structures have et al., 2008) . In the monitors, Tbx3 was expressed in the bulboauricular lamellae from the 2 9 2 atrioventricular canal to the vicinity of the vertical septum ( Fig. 4A ). This expression, and the 2 9 3 bulboauricular lamellae, extended deeper into the ventricle than it did in Norops (Fig. 4A-B ). In the 2 9 4 monitors, Tbx5 was expressed throughout the ventricle, with no gradient between the left and right 2 9 5 sides (Fig. 4C ). The myocardial outflow tract did not express Tbx5. Within the ventricle, Tbx5 was 2 9 6 particularly rich in the bulboauricular lamellae and therefore enriched near the vertical septum and 2 9 7 in the innermost parts of the muscular ridge and the bulbuslamelle (Fig. 4C ). In Norops, the 2 9 8 bulboauricular lamellae were less developed and they were not enriched in Tbx5 as in the monitors myocardium immediately next to the vertical septum of the monitors had a molecular phenotype 3 1 0 comparable to the atrioventricular bundle of mammals and birds, which led us to hypothesize that 3 1 1 this myocardium would be activated early, as it is in mammals and birds. 
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Early activation of the ventricular myocardium in the vicinity of the vertical septum in monitors
Optical mapping of cardiac action potentials was performed on 6 Ridge-tailed monitor embryos 3 1 5 ranging from days 21 to 46 post oviposition, spanning the period when ventricular septa are formed. Despite substantial growth of the embryo and heart during this period, the intrinsic heart rate, atrial 5A). On the left side, the earliest epicardial activation was always observed in the vicinity of the 3 2 0 1 2 forming vertical septum ( Fig. 5A ). In the oldest embryos, this was seen as a site of activation 3 2 1 relatively deep in the ventricle (Fig. 5C ), which was different from the primitive base-to-apex 3 2 2 activation of even older Leopard Geckos (Fig. 5B ). This pattern of activation could be elicited by specimens, data not shown). Leopard Geckos showed the primitive base-to-apex activation pattern We noticed in the monitors that Myh6 was readily detected in the atria, atrioventricular canal and 3 2 9
the innermost ventricular myocardium -in particular in the bulboauricular lamellae ( Fig. S4 ). In the Myh6 is initially expressed in the ventricle but becomes confined to the forming atrioventricular and atrioventricular canal of all species (Fig. 6 ). Only in monitor lizards, however, we observed 3 3 7
Myh6 in the ventricle as well (Fig. 6 ). This expression was prominent in the bulboauricular 3 3 8 lamellae, which were much more developed than in the other reptiles ( Fig. 6 ). In the Leopard 3 3 9
Geckos, used for optical mapping, Myh6 was expressed in a pattern like in the Anoles, i.e. readily 3 4 0 detected in the atria (and sinus venosus), but not in the ventricle (Fig. 6 ). These observations 3 4 1 corroborated the hypothesis that there is an association between the pronounced septation, the Monitor lizards are the only known lizards with a functionally divided ventricle. Here we 3 4 7 established that the dividing septa express Irx1, Irx2, Tbx3, and Tbx5. In all studied ventricles with 3 4 8 hemodynamically distinct left and right sides, i.e. human, mouse, chicken, and crocodylians, these , 2000) . Homologous molecular mechanisms, therefore, seem to underlie the processes of 3 5 2 ventricular septation in all these instances. Our results suggest that the various degrees of septation building plan inherited from their common amniote ancestor. Incidentally, we found the same 3 5 5 transcription factors to be expressed in the trachea and bronchi, as they are in the developing 3 5 6 trachea and bronchi of mouse and chicken (Chapman et al., 1996; Christoffels, Keijser, et al., 2000; 3 5 7 Gibson-Brown, Agulnik, Silver, & Papaioannou, 1998) . Therefore, homologous molecular The muscular part of the human ventricular septum has been described by anatomists as Henry Anderson & Becker, 1980; Van Mierop & Kutsche, 1985; Wenink, 1981) . Molecular 3 6 6 markers that distinguish these components remain to be found. From comparative anatomical 3 6 7 studies, it was concluded that the outlet part corresponds to the muscular ridge (Benninghoff, 1933; beneath the atrioventricular junction as is the full ventricular septum and the prevailing view is that Webb, 1979). A gradient of Tbx5 is also present on the ventral-most part of the bulbuslamelle, but in mammals and birds this part seems to contribute to the right atrioventricular valve rather than the ventricular septum (Benninghoff, 1933; Greil, 1903; B. Jensen et al., 2014; G.J.W. Webb, 1979) , Tbx5. Therefore, when comparing the muscular ridge and the bulbuslamelle of monitors to the 3 8 2 ventricular septum of mammals and birds, there is a shared expression of key transcription factors 3 8 3 but there is a divergence in the anatomy of the myocardial tissues that express these genes. The 3 8 4 vertical septum is beneath the atrioventricular junction and the myocardium next to it is enriched in The muscular ridge and the bulbuslamelle could both be identified by the compact 3 8 9 organization of their myocardium. In the early stages, this myocardium blended into apical 3 9 0 trabeculae while at later stages the compact muscle of the muscular ridge and the bulbuslamelle 3 9 1 could be followed to the apex. This strongly suggests that some trabeculae had undergone & Wang, 2010). If these cushions were to fuse, not only would the ventricle be fully divided, but 4 0 2 the membranous septum would also be closely aligned with the arterial wall that separates the 4 0 3 pulmonary artery from the aortae. Moorman, 2016). It is then remarkable that the atrioventricular canal of monitors does not undergo 4 1 3 the rightward expansion despite the functional division of the ventricle. One consequence is that the 4 1 4 cavum venosum of monitors serves as the conduit for systemic venous blood to the cavum 4 1 5 pulmonale in ventricular diastole and serves as the conduit for pulmonary venous blood in systole 4 1 6 ( Fig. 2D-E) . Anatomists and physiologists have long emphasized that the heart of monitors can be 4 1 7 seen as a conceptual stage between the hearts of non-crocodylian reptiles and the fully septated 4 1 8 hearts of crocodylians, birds, and mammals (Acolat, 1943; Brücke, 1852; Greil, 1903 but we propose they could be seen as variations on a common design. separates the ventricular cavity. Accordingly, the division into three sub-compartments is not based (AVV) contacts the vertical septum (VS) and the blood streams of the left atrium (LA) and right 4 5 1 atrium (RA) are separated along it, as the atrial blood streams are along the ventricular septum of 4 5 2 mammals and archosaurs. To reach the right ventricle, blood from the right atrium has to pass 4 5 3 through the left ventricle and the small gap between the muscular ridge and bulbuslamelle (blue 4 5 4 arrow). In systole (E), contractions close the gap ("closed") and the muscular ridge and region show a more compact organization and at 73 dpo the apex is divided by a compact septum. the earliest activation was in the ventricular base, and its spread exhibited the primitive base-to-4 9 6 apex pattern. LA, left atrium; RA, right atrium. Monitor and the Leopard Gecko. The animals had a steady increment in size throughout the 5 1 8
developmental period of septum formation as measured by the length of the right front limb (Front) 5 1 9
and right hind limb (Hind). In the graphs are the values of the Pearson correlation tests (P) and R 2 of 5 2 0 linear regressions (R 2 ). In the same period, the electrophysiological parameters were mostly stable, and QRS, and the high heart rates of the youngest monitor accounts for most of the apparent 5 2 4
differences between the Ridge-tailed Monitor and the Leopard Gecko. 
